In order to increase the production of the pharmaceuticals hyoscyamine and scopolamine in hairy root cultures, a binary vector system was developed to introduce the T-DNA of the Ri plasmid together with the tobacco pmt gene under the control of CaMV 35S promoter, into the genome of Datura metel and Hyoscyamus muticus. This gene codes for putrescine:SAM N-methyltransferase (PMT; EC. 2.1.1.53), which catalyses the ®rst committed step in the tropane alkaloid pathway. Hairy root cultures overexpressing the pmt gene aged faster and accumulated higher amounts of tropane alkaloids than control hairy roots. Both hyoscyamine and scopolamine production were improved in hairy root cultures of D. metel, whereas in H. muticus only hyoscyamine contents were increased by pmt gene overexpression. These roots have a high capacity to synthesize hyoscyamine, but their ability to convert it into scopolamine is very limited. The results indicate that the same biosynthetic pathway in two related plant species can be differently regulated, and overexpression of a given gene does not necessarily lead to a similar accumulation pattern of secondary metabolites.
Introduction
Hairy roots result from the transfer and integration of the genes located on the root-inducing plasmid Ri of Agrobacterium rhizogenes into the plant genome and their expression therein (White and Nester, 1980) . These types of roots are characterized by fast growth, frequent branching, plagiotropism, and the ability to synthesize the same compounds as the roots of the intact plant (David et al., 1984) .
Roots of Solanaceae plants are the main site of tropane alkaloid biosynthesis, and hence hairy root cultures are also capable of accumulating high levels of these metabolites (Oksman-Caldentey and Arroo, 2000) . On the contrary, since tropane alkaloid production is very low in unorganized in vitro cultures of Solanaceae (Hashimoto and Yamada, 1983; Yamada and Endo, 1984; OksmanCaldentey and Strauss, 1986) , it seems that the tropane alkaloid pathway requires root organization in order to be developed completely. This has earlier been demonstrated by Palazo Ân et al. (1995) when Datura stramonium L. root cultures treated with auxin lost their organization and were not able to synthesize tropane alkaloids. Similarly, hairy root cultures of several Solanaceae plants displaying callus-like morphology achieved very low tropane alkaloid contents (Moyano et al., 1999; Jouhikainen et al., 1999) .
Until very recently the lack of understanding of the regulation of secondary metabolite pathways has limited the general use of metabolic engineering in medicinal plants. Hyoscyamine is usually the main alkaloid in transgenic root cultures of many Solanaceae plants including Hyoscyamus, while scopolamine is only produced in small amounts, except Datura metel L. and Duboisia sp. which accumulate this alkaloid at high levels (Muranaka et al., 1993; Celma et al., 2001) . However, recently it has been shown that an increase in the expression of the hyoscyamine-6b-hydroxylase (h6h) gene coding for the last enzyme involved in the tropane alkaloid biosynthesis, can considerably enhance the production of scopolamine in hairy root cultures of Hyoscyamus muticus L. (Jouhikainen et al., 1999) .
Putrescine-N-methyltransferase (PMT) is the enzyme catalysing the ®rst committed step in the tropane alkaloid pathway converting putrescine into N-methylputrescine. Although PMT occurs at higher activity levels in D. stramonium hairy root cultures than either arginine decarboxylase or ornithine decarboxylase, and in this sense does not appear to be rate-limiting, this enzyme can limit the¯ux of putrescine into tropane alkaloids since its expression is very sensitive to the environment where the roots are growing (Pin Äol et al., 1999) . Previously Robins et al. (1991) reported that hairy root cultures of Datura supplemented with auxin lost PMT activity before showing any morphological alteration. Moreover, Biondi et al. (2002) have documented a considerable increase of PMT activity as well as an increase in polyamine contents and tropane alkaloids after methyljasmonate treatment in transformed roots of H. muticus. However, it has recently been shown that overexpression of PMT in Atropa belladonna L. does not affect tropane alkaloid levels either in transgenic plants or in hairy roots (Sato et al., 2001) .
In the present work, the gene from Nicotiana tabacum L. coding for PMT has been inserted into hairy roots of D. metel and H. muticus under the control of the constitutive CaMV 35S promoter, in order to in¯uence tropane alkaloid production. Moreover, the morphology and alkaloid production capacity of these engineered hairy roots have been compared with the respective ones of control hairy roots. As far as it is known, this is the ®rst time that the overexpression of the tobacco pmt gene has been demonstrated to improve tropane alkaloid production in hairy root cultures in a plant speciesdependent manner.
Materials and methods

Bacterial strains and cultures
The Escherichia coli strain DH5a and Agrobacterium tumefaciens strain C58C1(pRiA4) were used. The latter is a cured derivative of the nopaline strain C58 (Van Larebeke et al., 1974) containing the pRi from A. rhizogenes A4. The E. coli strain was grown at 37°C in LB medium (Miller, 1972) and the Agrobacterium strain at 28°C in YEB medium (Maniatis et al., 1982) .
Construction of the plasmid pBMI
The pTVPMT plasmid carrying the cDNA which codes for putrescine-N-methyltransferase from tobacco was a gift from Professor T Hashimoto of the Nara Institute of Science and Technology (Kyoto, Japan).
In order to construct the binary vector known as pBMI, the NcoIBamHI fragment of 1400 bp, corresponding to the cDNA for PMT was isolated from pTV-PMT and then subcloned in pET-3d (Novogen), after separating the NcoI-BamHI fragment from this plasmid. The plasmid pET-3d was used because the strong expression vector for plants, pRoc 2275-C does not have a NcoI site. The resulting plasmid pET-3d-PMT was introduced into competent cells of E. coli DH5a strain following the method described by Hanahan (1983) . Transformants were screened for ampicillin resistance and subsequently characterized by restriction endonuclease analysis.
The 1439 bp XbaI-BamHI fragment from the plasmidic cDNA of the ampicillin-resistant E. coli cells was subcloned into the plasmid pRoc-2275-C, after separating the same fragment from this plasmid. In the subcloning steps carried out for constructing the pBMI plasmid, ligations were cohesive ended. The T-DNA region of the resulting binary vector (¯anked by the 25 bp right and left border sequences), in addition to the cDNA for tobacco PMT subcloned between the 35S promoter and the terminal sequence of the gene for nopaline synthesis, also carried the gene for neomycine phosphotransferase (NPTII) under the control of the nopaline synthesis promoter (Nos-Pro) and the terminal sequence of the enzyme itself (Nos-Ter). This plasmid, known as pBMI was kept in E. coli DH5a and then transferred to the A. tumefaciens C58C1(pRiA4) strain as described by Mozo and Hooykaas (1991) . The recombinant clones of A. rhizogenes were selected following Kado and Liu (1981) .
Establishment and culture of transformed roots of Datura metel Sterile leaf sections of D. metel L. strain metel were inoculated with A. rhizogenes strain A4 or A. tumefaciens strain C58C1(pRiA4, pBMI) carrying the pmt gene . Roots which appeared 4±6 weeks after the inoculation, were cultured separately on solid Gamborg B5 medium (Gamborg et al., 1986) supplemented with carbenicillin (500 mg l ±1 ) to eliminate the bacteria and, in the case of transformed roots carrying the pmt gene, with kanamycin 50 mg l ±1 . Rapidly growing clones with no bacterial contamination were used to establish the cultures of hairy root clones. After several subcultures, transformed roots were transferred to half-strength B5 solid medium (B5/2). Each hairy root clone was also cultured in liquid medium (40 ml of B5/2 hormone-free medium in Erlenmeyer asks), maintained on an orbital shaker at 100 rpm at 25°C in the dark, and subcultured every 4 weeks.
Establishment and culture of transformed roots of Hyoscyamus muticus
Young plants of H. muticus L. strain Cairo were used for transformation with Agrobacterium as for D. metel (Vanhala et al., 1995) . Each induced hairy root was cultivated separately in liquid culture (5±10 ml), ®rst in the presence of cefotaxime (500 mg l ±1 ) to remove excess bacteria and then in modi®ed Gamborg's B50 medium (20 ml) in 100 ml conical¯asks (Oksman-Caldentey et al., 1991) . The hairy root clones were routinely subcultured every 3 weeks as described above.
Extraction and determination of alkaloids
The extraction and determination of scopolamine and hyoscyamine in the transformed roots of D. metel were carried out as reported earlier (Pin Äol et al., 1996) . In H. muticus, quantitative tropane alkaloid determinations were performed on methanol extracts of hairy root clones and on samples of the medium using enzyme immunoassay (Vanhala et al., 1998) and radioimmunoassay (Oksman-Caldentey et al., 1987) for scopolamine and hyoscyamine, respectively.
Polymerase chain reaction analysis
The presence of the transferred Agrobacterium rol and pmt genes was tested by PCR as described previously Sevo Ân et al. (1995) and Moyano et al. (1999) . Genomic DNA was extracted from the putative engineered hairy root clones and wild-type hairy root clones according to Edwards et al. (1991) . The oligonucleotide primers used for ampli®cation of the pmt gene were 5¢-GCCATT-CCCATGAACGGCC-3¢ (position 108±127 nt) and 5¢-CCTCCG-CCGATGATCAAAACC-3¢ (position 569±549 nt), according to the sequence data of the pmt gene from Nicotiana tabacum L. (Hibi et al., 1994) . The complete PCR mixture contained 200 ng total DNA, 12.5 pmol ml ±1 of each oligonucleotide primer, 200 mM dNTPs, 1.5 U Taq Polymerase (Pharmacia Biotech.) and buffer supplied by the enzyme manufacturer (1/10 V) in a total volume of 25 ml. PCR was carried out in the following conditions: 1 cycle of 95°C, 5 min; 30 cycles of 94°C, 1 min; 62°C, 1 min; 72°C 1.5 min; 1 cycle of 72°C, 5 min. Products (10 ml) were analysed on 1.5% agarose/TBE gel where the expected size was 450 bp.
Putrescine N-methyltransferase (PMT) activity assay PMT activity in transgenic root cultures of H. muticus was measured principally with the method previously employed by Feth et al. (1985) and Hibi et al. (1992) . All extraction and puri®cation procedures were performed at +4°C. First, root material (2 g FW) was washed with tap water and crushed in 2.5 ml of potassiumphosphate buffer A (100 mM, pH 7.5) containing 0.25 M sucrose, 5 mM EDTA, 0.5% (w/v) sodium ascorbate, 3 mM dithiothreitol (DTT), and protease inhibitor mix (CompleteÔ Mini, Boehringer Mannheim). This suspension was homogenized with a pinch of sea sand and mixed with 10% (w/v) insoluble polyvinylpolypyrrolidone (PVPP). After 10 min centrifugation at 13 000 rpm, the supernatant was diluted with potassium-phosphate buffer B (50 mM, pH 7.5, containing 1 mM EDTA and 1 mM DTT), and added to a PD-10 column (Pharmacia) previously equilibrated with the same buffer. Proteins were eluted with 3.5 ml of buffer B and collected into four fractions (2 mM DTT and protease inhibitor mix added). Protein concentration of each fraction was determined according to Bradford (1976) .
The protein-richest fraction was then selected for PMT activity testing performed as in Feth et al. (1985) . Brie¯y, the enzyme reaction was performed in buffer B with putrescine and SAM concentrations of 3.6 mM and 0.6 mM, respectively. After 30 min incubation at 30°C, the reaction was stopped by 1 min heating at 100°C. Samples were stored at ±20°C. N-methylputrescine concentrations of the samples were determined with HPLC analysis after dansylation. The HPLC system consisted of an Agilent Hypersil BDS-C18 column (5 mm, 4.6Q150 mm), Waters 600 Pump and Waters 2487 Dual l Absorbance Detector (detection wavelength 217 nm). The isocratic mobile phase consisted of an aqueous solution of 2% H 3 PO 4 adjusted to pH 5.2 by triethylamine and acetonitrile (40:60,¯ow rate 1 ml min ±1 ).
Northern blot analysis and quanti®cation of pmt gene product Northern blot analysis was carried out with seven randomly selected transformed clones of D. metel and with all the transformed root clones of H. muticus. Total RNA was isolated from the hairy roots after 2 weeks of cultivation using the RNeasy kit (Qiagen). Ten micrograms total RNA were loaded per lane of a denaturating formaldehyde gel. Northern blots were made on Hybond-N + nylon transfer membranes (Amersham) and hybridized with a 32 P-labelled probe speci®c for pmt (full cDNA). Hybridization was performed at 42°C in the presence of 50% formamide. The blots were washed at 42°C with 2Q saline sodium citrate buffer (SSC), 0.1% SDS (30 min) and with 1Q SSC, 0.1% SDS (15 min). The radioactivity on the ®lter was imaged using Hyper®lmÔ-MP (Amersham). The band of 1.4 kb that appears in the Northern blot corresponded to the mRNA of pmt gene. The intensity of this band was quanti®ed using Phoretix software as described by Palazo Ân et al. (1998) .
Results
Growth and root morphology
Transformed root cultures of D. metel and H. muticus overexpressing the pmt gene appeared 4±6 weeks after the Agrobacterium inoculation in 80±90% of the leaf explants. Several phenotypic characteristics, e.g. branching, plagiotropism, colour, and callus formation of the hairy root clones, were followed during their growth in order to compare the morphology and the alkaloid production of the clones. Transgenic root cultures of Datura were preselected by culturing them in a medium supplemented with kanamycin. Later, the presence of the pmt gene in the root genome was con®rmed in 100% of root clones tested by PCR. In Hyoscyamus, 15 hairy root clones out of 20 (75%) were found to be positive for the pmt transgene in the PCR studies.
The phenotype and morphology of the Datura and Hyoscyamus root clones carrying the pmt gene differed from control clones (carrying Agrobacterium rol genes but not the 35S-pmt transgene). At the start of growth on solid medium, purple pigment formation, which later turned brown, most probably indicating the presence of phenolic compunds such as anthocyanins, was observed in the roots of Hyoscyamus (Fig. 1) . There was also slight purple pigmentation in the control roots induced by strain C58C1(pRiA4); thus this peculiar colour formation in the hairy roots might be due to the pRiA4 plasmid in this plant species. This phenomenon has never been found in Hyoscyamus hairy root clones transformed with other plasmids. In the case of Datura root cultures, a very high percentage (80%) of the pmt transformed root cultures established, aged faster and turned brown when cultured on solid medium. These root clones were discarded and only root cultures showing a normal growth capacity were considered for further experiments. In Hyoscyamus the majority of the clones were brownish, but otherwise their appearance and growth was normal.
Regarding the biomass production of Datura root cultures overexpressing the tobacco pmt gene, these results did not show any clear effect of the transgene on the root growth ability after 4 week's cultivation (Fig. 2) , since the fresh and dry weight values achieved by the transgenic roots were very similar to the average of those obtained by the three control root lines studied. However, considerable variation in growth capacity between the individual clones was observed, for example, clone PMT22 achieved twofold higher fresh weight at the end of the growth period than clone PMT15. As previously reported (Sevo Ân et al., 1998; Moyano et al., 1999) , this fact is very frequent in transformed root cultures, since each clone arises from an independent transformation event. Depending on the presence of certain T-DNA genes, mainly the aux1 gene, in the genome of the root clone obtained, growth can be very different.
Growth capacity, measured both as fresh and dry weight, of Hyoscyamus roots was very much higher when compared to Datura clones (Fig. 2) . This fact revealed that transformed roots of Hyoscyamus constitute a very effective system to produce biomass of hairy roots in vitro. On the other hand, all Hyoscyamus root clones carrying the 35S-pmt gene reached signi®cantly (P b0.01) lower fresh and dry weight than control roots (three control clones) after 4 weeks of culture, showing a negative effect of the transgene on the growth capacity.
Tropane alkaloid production
The pmt transformed root clones of Datura displayed an alkaloid spectrum similar to that of the transformed control roots. As also mentioned in a previous report , scopolamine was the main alkaloid obtained in all the clones (Fig. 3) . Clone PMT10 was the most productive among all the Datura root clones established. Great differences in alkaloid contents among the clones were observed, but the majority of PMT clones reached higher scopolamine and hyoscyamine levels than the control ones after 4 weeks of growth, with only few clones (e.g. PMT22 and PMT31) presenting lower alkaloid contents than control ones at the end of the culture period (Fig. 3) .
Transformed roots of Hyoscyamus accumulated much higher hyoscyamine amounts than the ones of Datura (approximately 10-fold), whereas scopolamine contents were very low (lower than 0.2 mg l ±1 ). This hyoscyaminerich genotype is typical for hairy root cultures of H. muticus (Vanhala et al., 1995; Sevo Ân et al., 1998) indicating very low activity of the h6h gene in this plant species (Jouhikainen et al., 1999) . The contents of hyoscyamine in the pmt transformed hairy roots were on average 2±3-fold higher (Fig. 3) , but the scopolamine contents were similar to the controls. These results, in accordance with this study's predictions, showed that the overexpression of the tobacco pmt gene under the control of the 35S promoter enhanced alkaloid production of D. metel-transformed roots, and this improvement affected both hyoscyamine and scopolamine contents. Furthermore, the results indicated the capacity of Datura roots partially to convert the additional amount of hyoscyamine into scopolamine and revealed that the H6H activity in these roots is not low compared to the ones of Hyoscyamus.
The pmt gene expression In order to establish a possible relationship between transgene expression and the capacity of root cultures to synthesize tropane alkaloids, the levels of the tobacco pmt gene product in the transformed roots were studied. For this reason Datura and Hyoscyamus root clones with differing capacities to biosynthesize tropane alkaloids were selected. RNA gel blot results showed (Fig. 4 ) a clear band of 1.4 kb corresponding to cDNA of pmt in the selected transgenic root clones, whereas in the control ones no band of 1.4 kb was visible. The same quantity of total RNA was charged in each lane of the gel and the intensity of the pmt band was analysed photodensitometrically by Phoretix software. These experiments were carried out in triplicate although only one is shown. Figure 5 represents the results of densitometrical analysis, showing in both types of roots, a relationship between pmt gene expression and the capacity of the culture to biosynthesize alkaloids. In all cases, roots with a high intensity of the pmt band reached a high alkaloid content (Fig. 5) . For example, the two best producing clones of Hyoscyamus KC2 and KC17 also showed the strongest pmt expression in the Northern blot experiments. In addition, the PMT enzymatic activity and the alkaloid content in transgenic Hyoscyamus hairy roots were measured simultaneously (Fig. 6 ). The PMT activity was the highest after 7 d of cultivation when the alkaloid contents were still low, and gradually decreased with the time. However, the ratio of the PMT activity of individual clones remained the same through the whole cultivation period. The highest PMT activity was observed in clone KC17, which had the strongest pmt expression according to northern blot as well. This clone also presented the second highest hyoscyamine content among all the clones studied. However, in some transgenic clones this kind of positive correlation seems to be absent suggesting that PMT activity is not the sole factor contributing to elevated alkaloid contents.
Discussion
A binary vector was constructed to introduce the tobacco pmt gene and the T-DNA of pRiA4 of Agrobacterium rhizogenes, into D. metel and H. muticus explants. Results of agroinfection revealed an excellent capacity of the construction to transfer the T-DNA of pRiA4 into the plant genome and to develop the hairy root syndrome. The majority of the established transformed root cultures, also overexpressed the pmt gene under the control of the 35S promoter and showed several altered metabolic traits, such as rapid ageing, reduction of growth in Hyoscyamus cultures and modi®cations in secondary metabolite pathways. According to Kholodenko et al. (1998) an undesirable effect of metabolic engineering is the promotion of metabolic¯ux alterations that can induce cell death. This fact produces metabolic changes not directly related to transgene presence. For this reason, brownish root clones of Datura were rejected and the remaining ones were maintained for further studies. As previously mentioned, in Hyoscyamus this kind of selection was not performed and transgenic roots carrying the pmt gene grew less rapidly than the control roots. Rapid ageing of transformed roots has previously been connected with high alkaloid production (Jouhikainen et al., 1999) , but the altered phenotype obtained in this study might be due to the formation of other compounds. On the other hand, due to the role of polyamines in plant development (Martin-Tanguy, 1997) premature senescence of root cultures in both plant species and slower growth capacity in Hyoscyamus can be caused by pmt overexpression in polyamine metabolism, because the substrate of PMT enzyme (putrescine) is shared with polyamine metabolism (Sato et al., 2001) .
On the other hand, alkaloid content was closely related to the presence of the 35S-pmt transgene, showing that ectopic expression of tobacco pmt increased the biosynthetic¯ux towards the tropane alkaloids. Consequently, tropane alkaloid contents of transformed roots in both D. metel and H. muticus were enhanced up to 5-fold. In H. muticus, the enhancement concerned only hyoscyamine, which may be due in this species to a limiting amount of H6H activity that would convert hyoscyamine to scopolamine (Jouhikainen et al., 1999) .
In H. muticus transgenic hairy roots, both PMT enzymatic activity and alkaloid content were measured. Although all lines transgenic for 35S-pmt contained elevated levels of hyoscyamine, there was not always correlation between the amount of extractable PMT and the amount of alkaloids. The biosynthesis of tropane alkaloids in Hyoscyamus takes place in speci®c cells of the pericycle (Kanegae et al., 1994) . In A. belladonna, it has been shown that regulation of the plant's endogenous pmt is also pericycle speci®c (Suzuki et al., 1999) . It is evident that the transcriptional control by the 35S promoter of the transgenic pmt gene in the hairy root lines analysed here is not cell type speci®c. The fact that the altered expression pattern of pmt rather than the amount of PMT enzyme increases tropane alkaloid production in H. muticus hairy roots, shows that tropane alkaloid biosynthesis is very complex and might be slightly different in various plant species. Furthermore, it may also indicate that the transgene allows bypassing of the endogenous control of metabolic¯ux to the alkaloids that would take place at the level of the ®rst committed enzymatic step in their biosynthesis.
